Neuregulin 1 (NRG1) and its receptor ErbB4 are both susceptibility genes of schizophrenia. However, little is known about the underlying mechanisms of their malfunction. Although ErbB4 is enriched in GABAergic interneurons, the role of NRG1 in excitatory synapse formation in these neurons remains poorly understood. We showed that NRG1 increased both the number and size of PSD-95 puncta and the frequency and amplitude of miniature EPSCs (mEPSCs) in GABAergic interneurons, indicating that NRG1 stimulates the formation of new synapses and strengthens existing synapses. In contrast, NRG1 treatment had no effect on either the number or size of excitatory synapses in glutamatergic neurons, suggesting its synaptogenic effect is specific to GABAergic interneurons. Ecto-ErbB4 treatment diminished both the number and size of excitatory synapses, suggesting that endogenous NRG1 may be critical for basal synapse formation. NRG1 could stimulate the stability of PSD-95 in the manner that requires tyrosine kinase activity of ErbB4. Finally, deletion of ErbB4 in parvalbumin-positive interneurons led to reduced frequency and amplitude of mEPSCs, providing in vivo evidence that ErbB4 is important in excitatory synaptogenesis in interneurons. Together, our findings suggested a novel synaptogenic role of NRG1 in excitatory synapse development, possibly via stabilizing PSD-95, and this effect is specific to GABAergic interneurons. In light of the association of the genes of both NRG1 and ErbB4 with schizophrenia and dysfunction of GABAergic system in this disorder, these results provide insight into its potential pathological mechanism.
Introduction
GABAergic interneurons, about 20% of the neurons in the neocortex, play a critical role in modulating and synchronizing the activity of excitatory neurons (Markram et al., 2004) . Dysfunction of the GABAergic system has been implicated in various disorders including epilepsy, bipolar disorder, and schizophrenia (Roberts, 1972; Benes and Berretta, 2001; Lewis and Levitt, 2002) . The activity of GABAergic interneurons is controlled by glutamatergic and GABAergic neurons that form, respectively, excitatory and inhibitory synapses on them. Unlike excitatory neurons, synaptogenesis in interneurons has been relatively less studied.
Neuregulin 1 (NRG1) is a family of neurotrophic factors that acts by activating ErbB receptors (Mei and Xiong 2008) . Interestingly, ErbB4, the only ErbB protein that is able to bind to NRG1 and has an active kinase domain, is enriched in interneurons (Lai and Lemke, 1991; Yau et al., 2003; Abe et al., 2009; Vullhorst et al., 2009 ). NRG1 and ErbB4 have been implicated in neural development (Anton et al., 2004; Flames et al., 2004; Lopez-Bendito et al., 2006) and in GABAergic neurotransmission . Their role in synapse formation has begun to be elucidated.
Changes in ErbB4 levels or activity altered dendritic spine size, synaptic AMPA receptors, and NMDA currents in neonatal hippocampal slices , suggesting a promoting role of neuregulin in excitatory synapse maturation in glutamatergic neurons. They also altered presynaptic differentiation of both excitatory and inhibitory synapses in hippocampal neurons (Krivosheya et al., 2008) . In these studies, however, NRG1 signaling was altered by increasing or suppressing ErbB4 expression, leaving unaddressed a critical question whether NRG1 in fact regulates synapse formation. Although ErbB4 is known to be expressed at higher levels in GABAergic interneurons (Yau et al., 2003; Abe et al., 2009; Vullhorst et al., 2009) and to interact and colocalize with PSD-95 at excitatory synapses in hippocampal interneurons (Huang et al., 2000) , the role of NRG1 in postsynaptic differentiation in these neurons remains unclear.
We investigated the role of NRG1 in synaptogenesis in interneurons. First, we studied the effect of NRG1 on synapse formation in both GABAergic interneurons and glutamatergic neurons. Results indicated that the trophic factor promotes assembly of excitatory synapses specifically in GABAergic interneurons. Molecular mechanisms by which NRG1 regulates synapse formation were investigated. We found that NRG1 regulates the stability of PSD-95 in GABAergic neurons in a manner that requires tyrosine kinase activity of ErbB4. These studies identify a previously unrecognized, specific function of NRG1 in promoting excitatory synapse formation in GABAergic interneurons, possibly by stabilizing PSD-95. In consistent with this, ablation of ErbB4 in parvalbumin (PV)-positive interneurons led to reduction in frequency and amplitudes of miniature EPSCs (mEPSCs) in mutant mice. In light of the notion that NRG1 and ErbB4 are susceptibility genes of schizophrenia (Stefansson et al., 2002; Yang et al., 2003; Law et al., 2006 Law et al., , 2007 , our data contribute to a better understanding of abnormal NRG1 signaling in this devastating disorder.
Materials and Methods
Reagents and animals. Primary antibodies for immunostaining and dilutions were as follows: mouse PSD-95 (1:250; catalog #MA1-046; Affinity Bioreagents), rabbit PSD-95 (1:300; catalog #51-6900; Invitrogen), gephyrin (1:750; catalog #147011; Synaptic Systems), GABA (1: 3000; catalog #A 2052; Sigma), PV (1:1000; catalog #PV235; Swant), and CaMKII (1:300; catalog #05-532; Millipore). Secondary antibodies for immunostaining and dilutions were as follows: Alexa Fluor 488 anti-mouse (1:500; catalog #A11029; Invitrogen), Alexa Fluor 594 anti-rabbit (1:500; catalog #A11012; Invitrogen), and streptavidin-Alexa Fluor 633 conjugate (1:500; catalog #S21375; Invitrogen). Antibody for Western blot analysis and dilutions were as follows: mouse PSD-95 (1:1000; catalog #MA1-046; Affinity Bioreagents), gephyrin (1:2000; catalog #147011; Synaptic Systems), and synapsin (1:2000, catalog #SC-20780; Santa Cruz Biotechnology). NRG1 and ecto-ErbB4 were described previously (Huang et al., 2000; Woo et al., 2007) . ␣-Cyano-(3,5-di-t-butyl-4-hydroxy)thiocinnamide (AG879) was from Calbiochem, bicuculline was from Tocris Bioscience, biocytin was from Invitrogen, and other chemicals were from Sigma. Myc-PSD-95 was a gift from Dr. Morgan Sheng (Massachusetts Institute of Technology, Cambridge, MA) (Morabito et al., 2004) . ErbB4 (JMa/CYT-2) wild-type and kinasedead mutant (K751M) were described previously (Yang et al., 2005) . ErbB4 loxP/loxP mice were from Dr. Cary Lai (Indiana University, Bloomington, IN) (Garcia-Rivello et al., 2005) ; PV-Cre mice were from Dr. Silva Arber (University of Basel, Basel, Switzerland) (Arber et al., 2000; Hippenmeyer et al., 2005) , and GAD67-GFP ϩ/Ϫ mice were from Dr. Yuchio Yanagawa (National Defense Medical College Hospital, Saitama, Japan) (Tamamaki et al., 2003) . All mice were housed in a room with a 12 h light/dark cycle with access to food and water ad libitum. Experiments with animals were approved by Institutional Animal Care and Use Committee of the Medical College of Georgia.
Neuron culture. Dissociated neurons were prepared from embryonic day 18 (E18) Sprague Dawley rat or GAD67-GFP ϩ/Ϫ mouse embryos and cultured in the neurobasal medium (catalog #21103-049; Invitrogen) supplemented with 1ϫ B27 (catalog #17504-044; Invitrogen), 600 M L-glutamine (catalog #25-005-CI; Cellgro), and 1ϫ penicillin-streptomycin (catalog #30-003-CI; Cellgro). For low-density culture, 2.5 ϫ 10 4 cells were seeded on a glass coverslip (1.8 cm in diameter; catalog #12-545-84; Fisher Scientific) coated for 12 h with 1 g/ml poly-L-lysine (catalog #P2636; Sigma). Twice a week, half of the medium was replaced by freshly prepared medium. For highdensity culture, 2 ϫ 10 6 cells were seeded in a 60 mm well plate or 35 mm dish coated with 1 g/ml poly-L-lysine for 12 h. Half volume of medium was replaced every other day with freshly prepared medium.
Immunostaining in dissociated neurons. Dissociated neurons were fixed with 4% ice-cold paraformaldehyde for 5 min at room temperature and washed twice (5 min each) with 1ϫ PBS. Neurons were then permeabilized by 1ϫ PBS with 0.3% Triton X-100 and 3% goat serum for 5 min at room temperature and incubated with primary antibodies in 1ϫ PBS Figure 1 . NRG1 facilitates excitatory synapse development in cortical GABAergic interneurons. NRG1 at 5 nM was applied to low-density DIV5, DIV12, and DIV19 dissociated cortical neurons for 2 d. GABA and PSD-95 were stained to represent GABAergic interneurons and excitatory synapses, respectively. A-C, The immunoreactivities of GABA and PSD-95 without or with NRG1 treatment at different developmental. A segment (30 m) of primary or secondary dendrites was subjected for the analysis of PSD-95 puncta number and size. D, E, Average PSD-95 puncta number (D) and size (E). Data shown are the mean Ϯ SEM of four individual experiments. *p Ͻ 0.05; **p Ͻ 0.01 (DIV5 ϩ 2, n ϭ 43 and 46 for control and treated group; DIV12 ϩ 2, n ϭ 46 and 54 for control and treated group; DIV19 ϩ 2, n ϭ 78 and 73 for control and treated group). For DIV5 ϩ 2, DIV12 ϩ 2, and DIV19 ϩ 2 neurons, respectively, puncta numbers are 8.72 Ϯ 1.73, 14.9 Ϯ 1.05, and 19.7 Ϯ 1.37 in the absence of NRG1 and 13.4 Ϯ 1.69, 19.6 Ϯ 1.54, and 20.7 Ϯ 1.20 in the presence of NRG1; sizes are 10.6 Ϯ 1.12, 17.93 Ϯ 1.73, and 22.2 Ϯ 1.12 in the absence of NRG1 and 19.2 Ϯ 3.03, 24.31 Ϯ 1.95, and 29.5 Ϯ 1.65 in its presence. Scale bar: (in C) A-C, 30 m; boxed area was enlarged in the respective bottom image. with 0.3% Triton X-100 and 3% goat serum for 2 d at 4°C. Neurons were rinsed three times with 1ϫ PBS, 5 min each, and incubated with secondary antibodies in 1ϫ PBS with 0.3% Triton X-100 and 3% goat serum for 75 min at room temperature. After washing three times with 1ϫ PBS, 5 min each, neurons were covered with Vectashield mounting medium (H-1000; Vector Laboratories). Images were obtained by confocal scanning microscopy (Zeiss LSM 10 meta). For a given sample, 10 -15 images, taken at 0.5 m intervals, were collapsed to generate a projected image. PSD-95 puncta number and size were measured by ImageJ (NIH).
Quantification analysis. All pictures were taken at equal exposure for control and experimental groups. For each primary and secondary dendrite, puncta within a 30 m segment (indicated by a frame) of initiation were counted. The number of dendrites of a typical interneuron is four to six, and ϳ10 for a glutamatergic neuron. To avoid bias in data collection, a randomly selected primary dendrite of a particular neuron was designated as number 1. We counted puncta in all odd-number dendrites. Images were scaled to 16 bits and processed at a constant threshold level by ImageJ. Only puncta with pixel values three times greater than background (nearby dendritic shaft pixel values) were selected for analysis.
Transfection. Human embryonic kidney 293 (HEK293) cells were transfected by electroporation with Nucleofector II from Amaxa Biosystems. Eighty microliters of solution I (363 mM ATP-disodium salt and 590 mM MgCl 2 -6H 2 O) were freshly mixed with 4 ml of solution II (147 mM KH 2 PO4, 24 mM NaHCO 3 , and 34 mM glucose, pH 7.4) as the transfection mix. After trypsinization, 4.5 ϫ 10 6 HEK293 cells were centrifuged and resuspended in 100 l of the transfection mix containing 5 g of DNA. The mixture was subsequently transferred to an electroporation cuvette (FE 102; Fisher Scientific), and electroporation was performed following the manufacturer's instruction.
Western blot analysis. Samples were resolved on 8% SDS-polyacrylamide gels (Mini-PROTE-AN; Bio-Rad) and transferred onto nitrocellulose membranes (Whatman). After blocking with 5% skim milk (catalog #232100; BD Biosciences) in TBS-Tween 20 (TBS-T) buffer for 45 min at room temperature, membranes were incubated with a primary antibody in TBS-T buffer overnight at 4°C. Membranes were washed three times for 10 min each with TBS-T buffer before application of HRP-coupled secondary antibody (catalog #31460; Thermo Scientific) overnight at 4°C. Membranes were then washed three times for 10 min each with TBS-T buffer before application of chemiluminescent HRP antibody detection reagent (E2400; Denville Scientific). The blots were exposed to autoradiography films (E3012; Denville Scientific), and gel band density was quantified.
Electrophysiological recordings. E18 mouse cortical neurons were cultured in vitro for 12-15 d. Neurons were recorded in whole-cell configuration at room temperature. The intracellular recording solution contained (in mM) 140 K-gluconate, 2 MgCl 2 , 1 CaCl 2 , 10 HEPES, 10 EGTA, 2 MgCl 2 , 2 Mg-ATP, and 0.2 Na-GTP, pH 7.3 (300 mOsm with sucrose), whereas the extracellular recording solution consisted of (in mM) 150 NaCl, 5.0 KCl, 2.5 CaCl 2 , 1 MgCl 2 , 10 HEPES, 10 glucose, 0.001 tetrodotoxin (TTX), 0.001 strychnine, and 0.02 bicuculline, pH 7.3 (330 mOsm). Cortical neurons were visualized by an infrared-differential interference contrast (DIC) microscope with a 40ϫ water-immersion lens (BX51WI; Olympus) and an infraredsensitive CCD camera. Interneurons were identified based on green fluorescent protein (GFP) labeling and morphology (the presence of two to six thick curved dendrites with fewer branches). Glutamatergic neurons were recognized by apical dendrites and triangular somata. Prefrontal cortex (PFC) slices were prepared from P52-P76 PVCre;ErbB4
ϩ/Ϫ and PV-Cre;ErbB4
;GAD67GFP ϩ/Ϫ littermates as described previously . Briefly, coronal PFC slices (0.40 mm) were prepared with a Vibroslice (Leica VT 1000S) in an ice-cold solution containing the following (in mM): 64 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 10 MgSO 4 , 0.5 CaCl 2 , 26 NaHCO 3 , 10 glucose, and 120 sucrose. Slices were recovered for at least 2 h (1 h at 34°C followed by 1 h at 22°C) in artificial CSF (ACSF) until transfer to a recording chamber perfused with ACSF (2 ml/min) at 34°C. ACSF containing (in mM) 126 NaCl, 2.5 KCl, 1.25 NaH 2 PO 4 , 2 MgSO 4 , 2 CaCl 2 , 26 NaHCO 3 , and 10 glucose was saturated with 95%O 2 /5%CO 2 . Whole-cell patch-clamp recordings were performed using an Axon Multiclamp 700B amplifier (Molecular Devices) and digitized by the pClamp 9.2 software (Molecular Devices). Patch electrodes (3-5 M⍀) were filled with an internal solution containing the following (in mM): 120 K-gluconate, 20 KCl, 10 HEPES, 0.1 EGTA, 2 MgCl 2 , 10 sodium phosphocreatine, 0.2 leupeptin, 4 Mg-ATP, and 0.3 Na-GTP, pH 7.3 (280 mOsm with sucrose). Biocytin (0.2%) was added to the pipette solution for later morphological identification of recorded neurons. PFC layers II-V neurons were visualized by an infrared-DIC microscope with a 40ϫ waterimmersion lens (Axioskop2 Fsplus; Carl Zeiss) and an infrared-sensitive CCD camera. To characterize membrane properties and firing properties of interneurons, hyperpolarizing and depolarizing current steps were applied for 200 ms at 0.5 Hz in current-clamp configuration. Input resistance (R in ) was measured from the slope of a linear regression fit to the voltage-current relationship in a hyperpolarizing range.
mEPSCs were recorded at a holding potential of Ϫ65 mV. TTX (1 M) and bicuculline (20 M) were added to the perfusion solution to block Figure 2 . Ecto-ErbB4 blocks the effect of endogenous NRG1 in excitatory synapse development. Ecto-ErbB4 at 0.5 g/ml was applied to the low-density DIV13 dissociated cortical neurons for 1 d, and the neurons were subjected to immunocytochemistry. GABA and PSD-95 were stained to represent GABAergic interneurons and excitatory synapses, respectively. A, Immunoreactivities of GABA and PSD-95. Scale bar, 30 m; boxed area was enlarged in the respective bottom image. B, C, PSD-95 puncta, scored as in Figure 1 . Data shown are mean Ϯ SEM of three individual experiments. *p Ͻ 0.05; **p Ͻ 0.01. n ϭ 38 and 41 for control and treated groups, respectively. Puncta numbers are 17.8 Ϯ 1.73 and 13.6 Ϯ 1.39 and sizes are 18.0 Ϯ 1.27 and 11.2 Ϯ 0.84 in the absence and presence of ecto-ErbB4, respectively. Na ϩ currents and GABA A -receptor-mediated inhibitory postsynaptic currents, respectively. Data were filtered at 2 kHz and sampled at 10 kHz. Neurons with a resting potential of at least Ϫ60 mV and resistance that fluctuated within 15% of initial values (Ͻ20 M⍀) were analyzed. Mini events were analyzed with MiniAnalysis software (Synaptosoft). Peak events were detected automatically using an amplitude threshold of twofold the average root mean square noise. Approximately 100 -300 events in each cell were included in the analysis. The amplitude histograms were binned at 1 pA.
Immunostaining in slices. To identify the PV immunoreactivity of recorded enhanced GFPpositive neurons, biocytin (0.2%) was included in the pipette solution. After recordings, slices containing biocytin-filled cells were fixed with 4% paraformaldehyde and 4% sucrose in 0.1 M PBS for at least 24 h at 4°C. After incubation for 24 -48 h at 4°C in blocking solution (10% goat serum, 2% bovine serum albumin, 0.4% Triton X-100 in 0.1 M PBS), slices were incubated with anti-parvalbumin antibody (1:1000), 1% goat serum, and 0.2% Triton X-100 in 0.1 M PBS at 4°C for 36 -48 h, and then with streptavidin-Alexa Fluor 633 conjugate (1:500) and Alexa 594-conjugated goat anti-mouse IgG (1:400) for 24 h at 4°C. Fluorescent images were captured by an LSM 510 confocal laserscanning microscope (Carl Zeiss).
Statistic analysis. Data are presented as mean Ϯ SEM and were analyzed by two-tailed Student's t test and one-way ANOVA followed by Dunnett's test and the Kolmogorov-Smirnov test (for cumulative frequencies). Changes were considered significant if the p value was Ͻ0.05. Unless otherwise indicated, in figures, *p Ͻ 0.05, **p Ͻ 0.01, and ***p Ͻ 0.001.
Results

NRG1 facilitates the development of excitatory synapses in GABAergic interneurons but not in glutamatergic neurons
Low-density E18 cortical neurons were cultured in vitro until the indicated days [day in vitro 5 (DIV5), DIV12, and DIV19] and subjected to 2 d NRG1 stimulation. Interneurons were identified by staining with antibody against GABA, which has been used extensively to label inhibitory neurons (Letinic et al., 2002; Heinke et al., 2004) . Excitatory synapses were identified by staining of PSD-95, a well-established marker (ElHusseini et al., 2000; Cohen-Cory, 2002; Levinson and El-Husseini, 2005; McAllister, 2007; Keith and El-Husseini, 2008) . Because GABA staining of distal dendrites was weak, to avoid possible contamination by dendrites of glutamatergic neurons, only PSD-95 puncta in proximal dendrites were quantified. As shown in Figure  1A -D, the number of PSD-95 puncta increased from DIV5 to DIV19 in GABAergic interneurons in the absence of NRG1. Intriguingly, treatment of NRG1 at 5 nM for 2 d increased the number of PSD-95 puncta in DIV5 and DIV12 GABAergic interneurons (by 53.8 Ϯ 11.2% and 31.6 Ϯ 7.2% for DIV5 ϩ 2 and DIV12 ϩ 2, respectively), suggesting that NRG1 may stimulate formation of new excitatory synapses in GABAergic interneurons. PSD-95 is thought to promote maturation of excitatory synapses, which correlates with the size of puncta (El-Husseini et al., 2000; Keith and El-Husseini, 2008). Therefore, we studied the effect of NRG1 on puncta size. As shown in Figure 1E , NRG1 at 5 nM was able to enhance the size of PSD-95 puncta in GABAergic interneurons at different DIV stages (by 81.8 Ϯ 18.0%, 35.6 Ϯ 10.2%, and 32.9 Ϯ 6.8% for DIV5 ϩ 2, DIV12 ϩ 2, and DIV19 ϩ 2, respectively). These results indicate that NRG1 could facilitate the formation and maturation of excitatory synapses in GABAergic interneurons. Note that NRG1 treatment of DIV19 interneurons (DIV19 ϩ 2) had no inductive effect on the number of PSD-95 puncta, suggesting that NRG1 promotion of synapse formation depends on the age of developing neurons.
To determine whether excitatory synapse formation in GABAergic interneurons requires endogenous NRG1, DIV13 cortical neurons were treated with ecto-ErbB4. This recombinant protein contains the entire extracellular domain of ErbB4 and has been shown previously to bind to NRG1, and thus prevents NRG1 from activating ErbB kinases . DIV13 cortical neurons were treated for 1 d with ecto-ErbB4 at 0.5 g/ ml, a concentration that reduces basal activation of ErbB4 in brain slices . Vehicle treatment had no effect on PSD-95 puncta number or size (supplemental Fig. S1 , available at NRG1 has no significant effect on excitatory synapse development in cortical glutamatergic neurons. NRG1 (5 nM) was applied to the low-density DIV12 dissociated cortical neurons for 2 d. GABA, CaMKII, and PSD-95 were stained to represent GABAergic interneurons, glutamatergic neurons, and excitatory synapses, respectively. PSD-95 staining on GABA-negative or CaMKII-positive neurons without or with NRG1 treatment is shown in A and D, respectively. Scale bars: 30 m; boxed area was enlarged in the respective bottom image. B, C, E, F, PSD-95 puncta, scored as in Figure 1 . Data shown are the mean Ϯ SEM of three individual experiments. For GABA-negative neurons (n ϭ 59 and 65 for control and treated groups, respectively), puncta numbers are 13.1 Ϯ 0.73 and 11.6 Ϯ 0.67 and sizes are 15.8 Ϯ 1.46 and 17.1 Ϯ 2.31 in the absence and presence of NRG1, respectively. For CaMKII-positive neurons (n ϭ 74 and 72 for control and treated groups, respectively), puncta numbers are 11.8 Ϯ 0.58 and 12.1 Ϯ 0.61 and sizes are 15.3 Ϯ 0.75 and 15.3 Ϯ 0.88 in the absence and presence of NRG1, respectively.
www.jneurosci.org as supplemental material). Noticeably, ectoErbB4 treatment reduced the number and size of PSD-95 puncta by 24 Ϯ 5% and 38 Ϯ 4%, respectively (Fig. 2) . These observations demonstrate a role of endogenous NRG1 in excitatory synapse formation in GABAergic interneurons.
NRG1 is expressed in the CNS and ErbB4 is present in both glutamatergic and GABAergic neurons (Yau et al., 2003) , although recent studies suggested that ErbB4 may be exclusively expressed in interneurons (Abe et al., 2009; Vullhorst et al., 2009) . To determine whether NRG1 was able to regulate the formation of excitatory synapses in glutamatergic neurons, DIV12 cortical neurons were stimulated without or with NRG1 for 2 d and stained for PSD-95 and CaMKII, a well-established marker for glutamatergic neurons (McDonald et al., 2002; Yau et al., 2003; Muller et al., 2006; Hu et al., 2010) . NRG1 (5 nM) treatment did not seem to alter the number and size of PSD-95 puncta in GABA-negative or CaMKII-positive neurons (Fig. 3) . This result could suggest that NRG1 has no significant effect on excitatory synapse formation in cortical glutamatergic neurons. To determine whether this observation applies to glutamatergic neurons in a different region, hippocampal neurons at DIV12 stages were treated with NRG1. As shown in Figure 4 , the number and size of PSD-95 puncta were increased in NRG1-treated GABA-positive hippocampal neurons by 23.4 Ϯ 5.0% and 29.7 Ϯ 4.0% for the number and size, respectively, confirming the above observation. In contrast, it had no apparent effect on PSD-95 puncta number or size in glutamatergic neurons that are CaMKII positive (Fig. 4) . These results indicate that the inductive role of NRG1 to promote excitatory synapse formation is specific to GABAergic interneurons in both cortex and hippocampus.
NRG1 increases the amplitude and frequency of mEPSCs in GABAergic interneurons
The above morphological evidence suggested a role of NRG1 signaling in excitatory synapse formation in GABAergic neurons. To further test this hypothesis, we recorded mEPSCs of cultured cortical neurons. To assist electrophysiological recording of GABAergic interneurons, the GAD67-GFP ϩ/Ϫ mice where GFP was expressed under the control of the promoter of the glutamic acid decarboxylase (GAD) gene (Tamamaki et al., 2003) and thus enabled us to identify GABAergic interneurons. As shown in supplemental Fig. S2 (available at www.jneurosci.org as supplemental material), GFP-positive neurons costained with GABA antibody. NRG1 treatment (1 nM for 2 d) increased both the frequencyandamplitudesofmEPSCsinGFPpositive interneurons (Fig. 5A-C) . In contrast, mEPSCs in pyramidal neurons were not altered by NRG1 (Fig. 5D-F) . These results, in agreement with above morphological studies, indicated that NRG1 promotes formation of excitatory synapses on GABAergic interneurons, but not in pyramidal neurons.
NRG1 increases the level and stability of PSD-95
To investigate mechanisms by which NRG1 promotes excitatory synapse formation and maturation, we examined the levels of PSD-95, a postsynaptic protein critical in excitatory synapse development. Western blot analysis revealed that PSD-95 was increased in NRG1-treated neurons in comparison with control (by 46 Ϯ 18% and 41 Ϯ 18% for DIV3 ϩ 2 and DIV10 ϩ 2, respectively) (Fig. 6 A, B) . The levels of synapsin, a presynaptic marker, were increased (by 27 Ϯ 5%) in DIV3 ϩ 2 but not DIV10 ϩ 2 neurons, in agreement with the notion that NRG1 increases the number of excitatory synapses in young, but not aged, neurons (Fig. 1 D) . However, NRG1 had no effect on protein levels or puncta number and size of gephyrin (Figs. 6 A, B; supplemental Fig. S3 , available at www.jneurosci.org as supplemental material), a protein enriched in postsynaptic membranes of inhibitory synapses, demonstrating the specific effect of NRG1 in promoting excitatory synapse development. Notice that highdensity culture was used for Western blot analysis here, whereas low-density culture was used for immunohistochemical study (Fig. 1) . For reasons unknown, neurons appear to mature faster when cultured at high density (Parnas and Linial, 1997) . Therefore, the data in Figures 1D and 6B are in general agreement that NRG1 promotes synapse formation at a younger age (with increased puncta number) and maturation at a late stage (with increased puncta size) (Figs. 1E,F, 6B) .
The increase in PSD-95 protein level could suggest that NRG1 may regulate the stability of the protein. To test this hypothesis, DIV12 cortical neurons were pretreated with cycloheximide (CHX), a protein synthesis blocker, for 30 min before application of NRG1 for 12 or 24 h. In control experiments, levels of PSD-95, gephyrin, and synapsin were all degraded in CHX-treated neurons (Fig. 6C) . Remarkably, PSD-95 became more stable in NRG1-treated neurons as 71 Ϯ 4% of PSD-95 remained in NRG1-treated neurons, in contrast to 58 Ϯ 3% in control after 24 h of protein synthesis inhibition (Fig. 6C,D) . This effect appeared to be specific because degradation of gephyrin and synapsin was apparently not altered by NRG1. To demonstrate that the effect of CHX was reversible by NRG1, DIV20 cortical neurons were pretreated with CHX for 30 min before cotreatment of NRG1 for 24 h. As shown in Figure 7 , PSD-95 puncta size increased by 35 Ϯ 7% in the presence of NRG1, demonstrating the reversing effect. These results suggest that NRG1 could increase the stability of PSD-95, providing a mechanism by which NRG1 increases the number and size of PSD-95 puncta (Fig. 1) .
NRG1-mediated PSD-95 stabilization requires ErbB4 kinase activity
Because ErbB4 is enriched in GABAergic interneurons, we determined whether it is necessary for NRG1 regulation of PSD-95 stability. High-density DIV14 neurons were treated with CHX (50 g/ml) for 30 min before the addition of 5 M AG879, an inhibitor of ErbB kinases Liu et al., 2007) . Levels of PSD-95, synapsin, and ␤-actin were analyzed by Western blotting. As shown in Figure 8 , A and B, PSD-95 protein degradation was dramatically increased in the presence of AG879. PSD-95 was 27 Ϯ 7% of control 4 h after the addition of AG879. To determine whether that this effect occurred in GABAergic dendrites, low-density DIV21 neurons were pretreated with CHX before application of AG879 at indicated times. Neurons were fixed and stained for GABA and PSD-95 afterward. Both the number and size of PSD-95 puncta were reduced in a time-dependent manner (Fig. 8C-F ) . Four hours after AG879 treatment, the number reduced by 40 Ϯ 6%, and the size reduced by 46 Ϯ 8%. These results suggested that the tyrosine kinase activity of ErbB4 is critical for PSD-95 stability in GABAergic interneurons. It is worth pointing out that AG879 could inhibit other tyrosine kinases. As shown in supplemental Figs. S4 and S5 (available at www.jneurosci.org as supplemental material), AG879 treatment could reduce gephyrin puncta in GABAergic neurons (supplemental Fig. S4 , available at www.jneurosci.org as supplemental material) and PSD-95 puncta in glutamatergic neurons (supplemental Fig. S5 , available at www.jneurosci.org as supplemental material). These data suggested that AG879 may have an off-target effect (see Discussion for details).
To address this question and to further determine the role of ErbB4 in PSD-95 stabilization, HEK293 cells were coexpressed with ErbB4 and PSD-95 cDNAs. HEK293 cells were used because the heterologous expression system allow for high expression of exogenous proteins, enabling biochemical characterization. HEK293 cells apparently contain necessary signaling components and have proved a valuable model to study NRG1 function and signaling mechanisms (Yang et al., 2005) . Two days after transfection, cells were treated with CHX for indicated times, and cell lysate was collected and analyzed for PSD-95 protein level. As shown in Figure 9 , A and B, expression of wild-type ErbB4, which leads to autoactivation (Yang et al., 2005) , increased the stability of PSD-95. In control cells expressing the empty parental vector of ErbB4 construct, 50 Ϯ 10% and 29 Ϯ 6% of PSD-95 protein remained at 12 and 24 h, respectively, after inhibiting protein synthesis. The levels were increased to 73 Ϯ 5% and 59 Ϯ 4%, respectively, in cells coexpressing wild-type ErbB4 (Fig. 9 A, B) . This effect was not observed in cells coexpressing kinase-dead ErbB4, suggesting that PSD-95 stability is enhanced by the tyrosine kinase activity of ErbB4. This notion is further supported by experiments that NRG1 treatment further increased PSD-95 levels in cells coexpressing with wild-type, but not kinase-dead, ErbB4 (Fig. 9C,D) . To study whether the effect of ErbB4 on PSD-95 stability is specific, we coexpressed GFP cDNA with wildtype or kinase-dead ErbB4 cDNAs into HEK293 cells and detected GFP protein degradation afterward. GFP protein degradation rate remained unaltered in either wild-type or kinase-dead ErbB4 transfected cells (Fig. 9 A, B) . Moreover, NRG1 treatment had no effect on GFP protein level in either wild-type or kinasedead ErbB4 transfected cells (Fig. 9C,D) . These results indicate that ErbB4 is sufficient to enhance PSD-95 stability in a manner dependent on its kinase activity.
In vivo evidence for a role of ErbB4 for postsynaptic differentiation of excitatory synapses in GABAergic interneurons
The above in vitro studies suggest a role of NRG1, via activating ErbB4, in excitatory synapse formation and maturation in GABAergic interneurons. To test this hypothesis in vivo, we sought to specifically ablate ErbB4 in PV-positive interneurons where ErbB4 is enriched (Yau et al., 2003; Neddens and Buonanno, 2009) . PV is a calcium-binding protein that is expressed in two types of interneurons, wide arbor and chandelier cells, which form perisomatic synapses onto pyramidal neurons (Markram et al., 2004) . In rodent, PVpositive interneurons seem to predominate in the neocortex (Hof et al., 1999; Markram et al. 2004) . Therefore, we generated PV-Cre;ErbB4 Ϫ/Ϫ mice where ErbB4 was specifically ablated in PVpositive interneurons. To assist electrophysiological recording of GABAergic interneurons, the conditional mutant mice were further crossed with GAD67-GFP ϩ/Ϫ mice (Tamamaki et al., 2003) .
The following two methods were used to identify PV-positive neurons. First, PV-positive neurons are fast firing after injected with depolarizing (ϩ300 pA) somatic currents (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material), and their spikes are characteristically short in duration and without significant adaption (Markram et al. 2004 ) (supplemental Fig. S6 , available at www.jneurosci.org as supplemental material). Second, recorded GFP-labeled cells were injected with biocytin and confirmed by subsequent costaining with PV antibody (data not shown). As shown in supplemental Fig. S6 (available at www. jneurosci.org as supplemental material), the resting membrane potential and R in of PV-positive interneurons in PFC layers II-V were similar in PV-Cre;ErbB4 Ϫ/Ϫ ;GAD67-GFP ϩ/Ϫ mice and in wild-type controls. These results indicated that specific ablation of ErbB4 in PV-positive interneurons may not change their intrinsic property.
Next, we recorded mEPSCs in PV-positive interneurons of ErbB4 mutant mice. As shown in Figure 10 , their frequency was reduced in prefrontal cortical slices of the mutant mice compared with those of control mice, suggesting compromised excitatory synapses onto PV-positive interneurons. Moreover, the amplitude of mEPSCs was also decreased in the mutant mice (Fig. 10) , indicating decreased density and response of postsynaptic receptors of glutamate in PV-Cre;ErbB4 Ϫ/Ϫ mice. These results provided in vivo evidence for a critical role of ErbB4 in the assembly and possibly function of excitatory synapses in GABAergic interneurons, in agreement with above in vitro studies.
Discussion
Major findings of this paper are as follows. First, treatment with NRG1 increases the number of excitatory synapses in GABAergic interneurons ( Fig. 1 A-D) , suggesting that NRG1 stimulates the formation of new synapses. This effect only occurs in developing, but not mature, neurons. Second, NRG1 increased the size of excitatory synapses in GABAergic interneurons (Fig. 1 A-C,E) , suggesting that NRG1 also strengthens existing synapses. In agreement with the morphological studies, NRG1 increased the frequency and amplitude of mEPSCs in GABAergic interneurons Figure 6 . NRG1 increases the level and stability of PSD-95 protein. NRG1 at 5 nM was applied to DIV3 and DIV10 high-density dissociated cortical neurons for 2 d. Cell lysate was collected and subjected to Western blot analysis. A, A representative blot of PSD-95, gephyrin, and synapsin. ␤ actin was included as loading control. B, Quantitative analysis (mean Ϯ SEM; n ϭ 5 and 4 for DIV3 ϩ 2 and DIV10 ϩ 2, respectively). CHX (50 g/ml) was added to the high-density dissociated cortical neurons for 30 min before application of NRG1 for 12 and 24 h. Cell lysate was collected and subjected to Western blot analysis. C, Representative blots of PSD-95, gephyrin, synapsin, and ␤-actin. D, Quantitative analysis (mean Ϯ SEM; n ϭ 4). *p Ͻ 0.05. (Fig. 5) . Third, ecto-ErbB4 treatment diminished both the number and size of excitatory synapses, suggesting the involvement of endogenous NRG1 (Fig. 2) . Fourth, however, NRG1 treatment has no significant effect on either the number or size of excitatory synapses in glutamatergic neurons (Figs. 3, 4) , suggesting its synaptogenic effect is specific to GABAergic interneurons. Fifth, NRG1 increases the stability of PSD-95 protein in the manner that requires tyrosine kinase activity of ErbB4 (Figs. 6 -9) . Finally, deletion of ErbB4 in PV-interneurons leads to reduced amplitude and frequency of mEPSCs (Fig. 10) , providing in vivo evidence that ErbB4 is important in excitatory synapse formation or function in interneurons. Together, our findings suggest a novel synaptogenic role of NRG1 in excitatory synapse development, possibly via stabilizing PSD-95, and this effect is specific to GABAergic interneurons. While this paper was in revision, similar results were reported by Fazzari et al. (2010) . In light of the association of the genes of both NRG1 and ErbB4 with schizophrenia and dysfunction of GABAergic system in this disorder, these results provide insight into its potential pathological mechanism.
Our data reveal two synaptogenic roles of NRG1/ErbB4 signaling in excitatory synapse development in GABAergic interneurons. It induces the formation of new synapse and, at the same time, facilitates synapse maturation. PSD-95 is a major scaffolding protein located at excitatory synapses (Cohen-Cory, 2002; Levinson and El-Husseini, 2005; McAllister, 2007; Keith and El-Husseini, 2008) . It interacts with many important synaptic molecules such as NMDA receptor (Kornau et al., 1995) , and it could enhance AMPA receptor trafficking, insertion, and retention at synapses (El-Husseini et al., 2000b; Chen et al., 2000 Chen et al., , 2003 Dakoji et al., 2003; Schnell et al., 2002) . In addition, PSD-95 has been implicated in synapse maturation (El-Husseini et al., 2000; Keith and El-Husseini, 2008) . Despite the critical role of PSD-95 in CNS synapse development, little is known about how it becomes concentrated at the synapse. Previous studies showed that PSD-95 protein could be degraded by the E3 ligase Mdm2 via the proteasome pathway (Colledge et al., 2003) . We showed here that the stability of PSD-95 is enhanced by NRG1, providing an intriguing mechanism for the NRG1 effect on synapse formation. We do not know at the moment exactly how NRG1 promotes PSD-95 stability. However, we showed that the NRG1 effect requires the kinase activity of ErbB4 because AG879, an inhibitor of ErbB kinases (Fukazawa et al., 2003) , reduced PSD-95 puncta in the presence of CHX (Fig.  9) . These results suggest for the first time the possible involvement of tyrosine phosphorylation in PSD-95 protein stability. It is worth pointing out that AG879 could inhibit other tyrosine kinases. Indeed, it reduced gephyrin puncta in GABAergic neurons and PSD-95 puncta in glutamatergic neurons where ErbB4 expression was low (supplemental Figs. S4, S5, available at www. jneurosci.org as supplemental material), suggesting that AG879 may have off-target effect. However, coexpression of ErbB4, but not its kinase-inactive mutant, increases PSD-95 stability (Fig. 9) , in support of a role of ErbB4. Moreover, the involvement of ErbB4 is also supported by studies of PV-ErbB4 Ϫ/Ϫ mice (Fig.  10) . Future studies are necessary to investigate underlying molecular mechanisms.
Neuronal excitability relies on the summation of excitatory and inhibitory signals, which is in turn regulated by the number of excitatory and inhibitory synaptic contacts a neuron receive (Keith and El-Husseini, 2008) . Therefore, the promoting effect of NRG1 on excitatory synapses could be critical to the function of GABAergic interneurons. We speculate that the loss of NRG1/ ErbB4 signaling may lead to reduced number of excitatory synapses of GABAergic interneurons. In line with this notion, mEPSC amplitudes and frequency were reduced in PVinterneurons of PV-Cre;ErbB4 Ϫ/Ϫ mice. Consistently, GABA release from PV-positive interneurons was reduced in PV-Cre; ErbB4 Ϫ/Ϫ mice, and the mutant mice show behavioral deficits (Wen et al., 2010) . These results, together with ours, indicate a novel function of NRG1 in the formation and maintenance of excitatory synapses in GABAergic neurons, presumably by stabilizing synaptic PSD-95. controls, respectively).
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